Background and Objectives
In the present paper we report that SAP , an intracytoplasmic molecule that is involved in cell signaling, is an immunohistologic marker for germinal center T cells in paraffinembedded tissue. We document its expression, and also that of PD-1 (another recently described marker of germinal center T cells to which a new antibody has been raised), in normal and neoplastic lymphoid tissue to evaluate the suggestion that helper T cells within the germinal centers of human lymphoid tissue are the cell of origin of angioimmunoblastic T-cell lymphoma (AITL), and to assess the diagnostic value of these two markers.
Design and Methods
Expression of SAP and PD-1 was investigated by immunohistochemistry in paraffinembedded tissue sections and in cell lines. Western blotting was performed on cell lines, and antibody specificity was confirmed by immunostaining of transfected cells.
Results
Screening on more than 500 lymphoma biopsies showed that 95% (40/42) of cases of AITL expressed at least one of these markers. SAP was also expressed on many cases (15/21) of acute T lymphoblastic leukemia, in keeping with its presence in cortical thymocytes. However, PD-1 and SAP were also found in a minority of cases of peripheral T-cell lymphoma other than AITL, in contrast to a report that the former marker is specific for AITL. This observation raises the possibility that such nonangioimmunoblastic cases may be related to germinal center helper T cells.
T he germinal centers of human lymphoid B-cell follicles contain a specialized population of T helper cells, [1] [2] [3] and recent gene expression studies 4, 5 have yielded extensive information on their molecular profile and emphasized their important role in the context of normal and pathologic antibody production. 6 The importance of these cells in the human immune response is demonstrated by the immunodeficiency states caused by genetic defects of germinal center T-cell-associated molecules (e.g. the absence of the co-stimulator molecule ICOS results in common variable immunodeficiency).
7
It has been proposed that germinal center T cells represent the cell of origin of angioimmunoblastic T-cell lymphoma (AITL). [8] [9] [10] One argument is based on the observation that cases express the inhibitory receptor PD-1 (programmed death-1) (CD279) (a marker of germinal center T cells), 11 whereas other non-Hodgkin's lymphomas are PD-1-negative. On these grounds, it was suggested that PD-1 represents a new diagnostic marker for angioimmunoblastic lymphoma.
In the present study, we evaluated the expression of PD-1 using a new monoclonal antibody specific for this molecule. We also report an additional immunohistologic marker (SAP) of germinal center T cells.
Design and Methods
Full details of the antibodies used in this study, the tissue samples studied and the immunostaining and western blotting techniques used are given in the Supplementary section.
Results

Immunostaining of normal lymphoid tissue
The expression of the markers PD-1 and SAP in human lymphoid tissue (studied by single and double labeling techniques) is illustrated in Figures 1 and 2 and summarized in Table 1 . Staining was performed on paraffin-embedded tissue sections but immunostaining of cryostat sections of human tonsil showed the same reactivity patterns. We confirmed that PD-1 was preferentially expressed by scattered cells in germinal centers, and these cells were shown by double labeling for CD3 to be T cells. Outside lymphoid follicles, the great majority of T cells were PD-1-negative (or only weakly positive). Additional double immunostaining showed that many PD-1-positive follicular T cells lacked CD57, CD8, the B-cell transcription factor PAX-5 and the proliferation marker Ki67 (Figure 1 ). However, approximately 20% of the PD1-positive follicular T cells expressed BCL6 (Figure 1 ) (although the proportion of BCL6-positive cells varied between germinal centers). The pattern of staining observed for the adaptor molecule SAP (Figure 2 ) was very similar to the pattern observed for PD-1, and double staining for the two markers showed essentially identical labeling within germinal centers. In extrafollicular regions SAP was expressed by occasional T cells that were PD-1-negative ( Figure 2 ).
Immunostaining of neoplastic lymphoid tissue
Neoplastic cells. Among T-cell neoplasms, PD-1 and SAP were expressed over three quarters of the cases of AITL tested (42/49 and 59/69 cases, respectively) ( Table  2 and Figure 3 ). The two markers were expressed independently of each other, with the result that almost 95% of cases (40/42) expressed at least one of these markers (Tables 2 and 4 ). In addition to angioimmunoblastic lymphoma, both PD-1 and SAP were found in a minority of (left) shows that many cells express PD-1 alone (white arrow) and that a minority express both markers (yellow arrow) or CD57 (green arrow) alone. Double labeling for PD-1 (red) and CD8 (green) shows reciprocal expression of the two molecules in intrafollicular T cells (right). Fourth row: Double immunoenzymatic staining shows (left) the reciprocal expression of PD-1 (red) and PAX-5 (nuclear, brown) in B cells, and also that a proportion of PD-1-positive germinal center T cells (red) express nuclear BCL6 (brown -example arrowed), and (right) that they lack the proliferation marker Ki-67.
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cases of peripheral T-cell lymphoma (5/30 and 13/37, respectively) (Table 2, Figure 3 ). Twenty-two cases that had been investigated for both markers were reviewed, and two cases, each of which was positive for both PD-1 and SAP - Table 3 , showed some features consistent with atypical AITL, but a further six cases (two double positive and four positive for SAP alone) appeared to be classic examples of peripheral T-cell lymphoma. Among the samples tested for only marker, a further six cases expressing PD-1 or SAP were identified, and two of these (one PD-1-positive, one SAP-positive) also had some features on review suggestive of possible AITL. All cases of AITL were immunostained for the CXCL13 chemokine, and many cases contained CXCL13-positive neoplastic cells. However, background extracellular staining was often present and labeling in many positive cells was restricted to a single intracytoplasmic dot. In consequence, evaluation of immunostaining in the majority of cases was more difficult than for PD-1 and SAP.
SAP was expressed in 15/21 cases of T lymphoblastic lymphoma (Table 2 and Figure 3 ) (whereas PD-1was not found in this tumor type). In contrast, PD-1 was found in 5/9 cases of mycosis fungoides, whereas SAP expression was limited to a small minority of the neoplastic cells in 3/6 cases ( Table 2 and Figure 3 ). SAP and PD-1 were absent from almost all of the non-Hodgkin's B cell neoplasms investigated (Table 2) . PD-1 was found on the tumor cells in three diffuse large B-cell lymphomas (out of 98) and was also present in a minority of larger cells in cases of chronic lymphocytic leukemia/lymphoma (CLL). In six out of the 13 CLL cases, proliferation centers were recognizable and it was clear that the Table 3 . Correlation between PD-1 and SAP expression in T-cell lymphomas (positive cases/total cases). 
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Infiltrating cells
In all studied B-cell lymphomas, occasional non-neoplastic cells carrying PD-1 and SAP were observed. The highest percentage of PD-1-and SAP-positive infiltrating cells was found in follicular lymphomas, lymphocyte predominant Hodgkin's disease ( Figure 4 ) and in some cases of diffuse large B-cell lymphoma. In the first disease, the number of these infiltrating cells varied widely from case to case and was independent of histologic grade. In lymphocyte predominant Hodgkin's disease, PD-1 and SAP were positive in infiltrating cells, and in many cases these cells formed rosettes surrounding the neoplastic cells (Figure 4) . In contrast, in classical Hodgkin's disease, PD-1-positive or SAP-positive rosettes were found in only a minority of cases (Figure 4 ).
Western blotting
Western blotting of cell lysates from the YT line with the anti-PD-1 antibody NAT showed a single band with a molecular weight of approximately 47 kDa ( Figure 5) . Anti-SAP was tested against the YT line and also against a number of T-cell lymphoblastic cell lines (Jurkat, CCRF/CEM and Molt-4). A band of approximately 15 kDa was found in each of these, accompanied in the case of Jurkat and CCRF/CEM with a second band of slightly smaller size ( Figure 5 ). In contrast, the ALK-positive lymphoma cell line Karpas 299 was SAP-negative. β-actin was used as a protein loading control and was present as a band of comparable intensity in each cell line.
Discussion
It was reported in the 1980s that T cells within germinal centers express CD57 (also known as HNK-1 or Leu-7), 12, 13 and subsequently that they are helper T cells carrying the chemokine receptor CXCR5. [1] [2] [3] In 2004 two laboratories reported that follicular T cells show unique patterns of gene expression compared to other helper T cell subsets.
At least three of the molecules shown in these gene expression studies to be upregulated, in follicular T cells, i.e. BCL6, CXCL13 and PD-1 (CD279), can be detected by immunohistologic labeling of paraffin sections. 8, 10, 11, 14, 15 In the present paper we report that an additional molecule upregulated in follicular T cells, 4 namely SAP (SLAM-associated protein, also known as SH2D1A) can also be detected at the protein level in paraffin-embedded tissue. SAP is essential in T cells for providing late B-cell help and the establishment of longterm humoral immunity, 16 and its clinical importance is demonstrated by the fatal lymphoproliferative disorder that frequently develops in patients with mutations in this X-linked gene.
17,18
Double labeling for SAP in combination with PD-1, a known marker of germinal center T cells, confirmed that these two molecules are usually co-expressed in the same cells, although the presence of scattered SAP-positive, PD-1-negative T cells in interfollicular areas suggested that SAP is induced slightly in advance of PD-1, before helper T cells enter the germinal center. Approximately one fifth of SAP-and PD-1-positive follicular T cells co-expressed BCL6, in keeping with previous reports that a subset of intrafollicular T cells express this transcription factor. 10, 19, 20 However, it was of interest that there was only limited overlap between SAP/PD-1 expression and that of CD57. Microarray analysis has shown that CD57-positive and -negative follicular helper T cells are very similar in terms of gene expression, 5 but it appears from the present work that SAP and PD-1 tend to be preferentially expressed by CD57-negative germinal center T cells.
Among T-cell lymphomas, SAP and/or PD-1 were expressed by neoplastic cells in the majority of cases of AITL. This provides independent support for earlier proposals that this neoplasm arises from germinal center T cell. 10, 14, [20] [21] [22] [23] The unique clinical and pathologic features of this disorder are fully in keeping with an origin from germinal center T cells, given the potent physiologic influence of these cells on the maturation of germinal center B cells. It should be added that not all AITL cases in this study expressed SAP and/or PD-1. This is in disagreement with a recent report 11 that PD-1 is expressed in all cases (23/23) of AITL. However, our findings are comparable to the observations relating to another marker of germinal center T cells (CXCL13) which was reported by Grogg et al. 14, 15 to be absent in at least 10% of AITL. Furthermore, CD10 is also absent in a minority of cases.
22,24
We also observed that SAP and/or PD-1 are expressed in a minority of T-cell lymphomas other than AITL. This can be interpreted as indicating that these cases do indeed derive from germinal center T cells but that they lack for some reason typical clinicopathologic features of AITL. In keeping with this view, Dupuis et al. reported that CXCL13 was expressed in a minority (6/20) of peripheral T-cell lymphomas, and then noted that these six cases showed some morphologic similarities to AITL on review. 22 They therefore argued that CXCL13 may identify an AITL-like subgroup of peripheral T-cell lymphoma. Similarly, Grogg et al. also observed CXCL13 expression in 8/26 cases classified as peripheral T-cell lymphoma, and found that on review six could be reclassified as AITL.
14 However, the other two cases showed no angioimmunoblastic features, and this is in keeping with our own observations that two out of eight cases of peripheral T-cell lymphomas expressing SAP (with or without PD-1) showed features suggestive of AITL on review, but that the remainder appeared to be classical peripheral T-cell neoplasms. The same tendency was seen in cases in which only one of the two markers were evaluated (see Results). The remaining SAP/PD-1-positive peripheral T-cell lymphoma cases showed features associated with AITL (although evaluation of some cases was limited, e.g. because of lack of immunostaining for review, or a small sized sample in a tissue array). Furthermore, we observed expression of PD-1 in a minority of cases of mycosis fungoides, a cutaneous neoplasm that is unlikely to arise from germinal center helper T cells.
There is thus an alternative to the view that the expression of SAP and/or PD-1 (or of markers such as CXCL13) indicates a derivation from germinal center T cells (even when histologic features of AITL are absent), namely that these markers might occasionally be aberrantly upregulated in non-germinal center T cells as a result of neoplastic transformation. Follicular T cells probably do not represent a distinct lineage but rather a subpopulation of helper T cells that upregulate a range of inducible markers (e.g. SAP, PD-1, BCL6, ICOS) when they enter the germinal center. Furthermore, a minority of cells that lie outside this site express these inducible markers (usually at lower levels). Consequently, these molecules are within the potential repertoire of molecules that helper T cells can express and their occasional expression in peripheral T-cell neoplasms other than AITL may, therefore, not indicate an origin from classical germinal center T cells.
We observed SAP expression in more than two-thirds of the cases of acute lymphoblastic leukemia of T-cell origin (and in three cell lines arising from this disorder). This is in keeping with our observation that cortical thymocytes contain this protein, a finding that raises the question of its physiologic role in immature T cells. SAP and PD-1 were not expressed in the great majority of B-cell neoplasms. It has been reported in the past that SAP is expressed, as assessed by flow cytometry, in about 15% of tonsillar B cells 25 and it is clear that the molecule can be detected in B-cell lines and in lines derived from Hodgkin's disease and from Burkitt's lymphoma. In the latter category, SAP expression was associated with the presence of Epstein-Barr virus. In contrast, the only data on SAP expression in biopsied lymphoma samples are found in a report by Mikhalap et al. 30 who stated that SAP was detectable in 12/12 cases of diffuse large B-cell lymphoma and in 14 cases of Hodgkin's disease (but not other categories of lymphoma) according to immunohistologic staining of paraffin-embedded biopsies. This is in discordance with our own observations that only three out of 115 cases of diffuse large cell lymphoma were SAP-positive, and that SAP was found (in only a proportion of the neoplastic cells) in 4/14 cases of lymphocyte predominant Hodgkin's disease (weakly), and in 1/21 cases of classical Hodgkin's disease. These observations are, however, in keeping with a paper reporting that SAP transcripts are not expressed in diffuse large B-cell lymphoma but are detectable in peripheral T-cell lymphoma, 31 and with a report from Sanchez Aguilera et al. 32 that SAP expression by neoplastic cells was not observed in classical Hodgkin's disease.
The other marker investigated in this study (PD-1) was not detected in cases of B-cell neoplasia in a study by Dorfman et al., 11 and this is in keeping with our own observation that PD-1 was detectable in only 3/98 diffuse large B-cell lymphomas (out of a total of more than 250 samples covering the spectrum of B-cell lymphomas). However, it was of interest that PD-1 (and, to a lesser degree, SAP) was detectable in cells in the proliferation centers seen in cases of chronic lymphocytic leukemia. It has been reported that mRNA encoding SAP (but not protein) is found in mouse B cells 26, 33, 34 and human memory B cells, 35 but the degree to which PD-1 and SAP play a role in B cells requires further study.
In conclusion, our observations provide additional support for the idea that AITL derives from intrafollicular T cells since the great majority of cases expressed SAP and/or PD-1 (two molecules selectively expressed by this type of T cell). The histologic diagnosis of AITL is notoriously difficult, 9 as evidenced in one study in which 50% of cases referred to a specialist center had been misdiagnosed, 8 and any selective immunohistologic markers are of potential value. Further studies are needed to establish the role of PD-1 and SAP in the diagnosis of this disorder, but it seems that they are clear candidates for inclusion in the panel of diagnostic markers. Further studies using these markers may help to re-define the borderline between classical AITL and cases of peripheral T-cell lymphoma that lack the classical features of AITL. In this context, it will be of interest to investigate whether PD-1, SAP and other germinal center T-cell markers are expressed by the rare cases of BCL6-positive, CD10-positive T-cell lymphomas that show a tendency to home to lymphoid follicles.
